ABSTRACT This study presents basic information on the life cycle, seasonal phenology, and parasitism of the endemic Hawaiian moth Udea stellata (Butler) (Lepidoptera: Crambidae), a species for which little biological information is available, even though it was described more than a century ago. By observation of ecdysis and measurements of corresponding head capsule widths under laboratory conditions, we determined that U. stellata undergoes six larval stages. All larval stages had distinct ranges in head capsule width. Duration of each larval stage as well as the egg and pupal stage are reported. Endemic host plants of U. stellata, Pipturus spp. (Urticacea), were sampled at eight Þeld sites between July 2004 and July 2006. Temporal differences in density of larvae were most pronounced in medium-and high-elevation sites, possibly an effect of more marked seasonal temperature changes. The parasitoid assemblage associated with U. stellata consisted of seven species: three adventive species, two purposely introduced species, and two of unknown origin. Adventive parasitoids rather than purposely introduced parasitoids were responsible for the greater part of the apparent mortality observed.
The Hawaiian archipelago is the most isolated island chain on earth, which has resulted in a unique insect fauna (Kaneshiro 1995) . Hawaiian insects are underrepresented in many taxa, with only 50% of the worldÕs insect orders and just 15% of the known families of insects native to Hawaii (Howarth and Mull 1992) . Yet, Hawaii is home to a greater proportion of endemic insect species than any other place of similar size on earth (Kaneshiro 1995) , with Ϸ98% of the native arthropod species endemic to the archipelago (Howarth and Ramsay 1991) , which originated from species radiations.
Hawaii has been severely impacted by invasive species, which have become environmental and agricultural pests. One response to invasive species has been biological control. The islands have an extensive record of biological control introductions, amounting to Ͼ700 species introduced since 1890 (Funasaki et al. 1988) . The Þrst introduction in Hawaii was the vedalia, Rodolia cardinalis (Mulsant) (Coleoptera: Coccinellidae), against the cottony cushion scale, Icerya purchasi Maskell (Hemiptera: Aleyrodidae), which provided a spectacular demonstration of the practice of classical biological control. Since then, biological control has been recognized as an effective tool for pest management and has played a signiÞcant role in Hawaiian agriculture and contributed to the suppression of 200 pest species (Funasaki et al. 1988) .
Biological control introductions, many of which have tremendous potential to reduce host or prey populations, also may impact nontarget insect populations, with possible irreversible effects (Howarth 1983 (Howarth , 1991 Gagné and Howarth 1985) . Parasitism of native Hawaiian insects by introduced biological control agents has received considerable attention recently (Henneman and Memmott 2001, Oboyski et al. 2004) , with few studies showing the actual impact on nontargets (Johnson et al. 2005) .
The lack of basic information on the status, biology, and ecology of native insects in Hawaii, as in most parts of the world, is a serious obstacle to their conservation (Howarth and Mull 1992) . This lack of knowledge is typically attributable to the large numbers of insect species, many of which lack the "charisma" to generate conservation priority (Samways 1993 (Samways , 2005 .
The indigenous Hawaiian fauna includes at least 1149 described species of Lepidoptera, 957 of which are endemic to the islands (Zimmerman 1958a (Zimmerman , 1958b (Zimmerman , 1978 Nishida 2002) . Invasive pest species have been the target of many biological control introductions, and biological control introductions have in rare instances targeted native species considered pests in agricultural settings (Funasaki et al. 1988 ). Gagné and Howarth (1985) suggested that purposely introduced biological control agents were the major factor in the putative extinction of 15 species of native moths in Hawaii. Some of these presumed extinct species have been recently rediscovered to be persisting in apparently healthy populations (Haines et al. 2004) .
The genus Udea (Lepidoptera: Crambidae) is a relatively large group that occurs in the Americas, Eurasia, and the PaciÞc region (Zimmerman 1958b) . Forty-four endemic Udea species have been described from Hawaii (Nishida 2002) . One of these species, Udea stellata (Butler) , is a widespread species that occurs in a range of habitats with different levels of anthropogenic impacts. This species offers the opportunity to examine the impacts of introduced parasitoids in a range of circumstances, ranging from relatively undisturbed indigenous forest to highly modiÞed systems with associated variation in host plant density and community composition. The objectives of this study were to investigate and describe the life history, phenology, and identify the parasitoids attacking this species in Hawaii.
Materials and Methods
Host Plants. The study system consisted of the endemic host plant Pipturus spp. (Urticaceae), the endemic moth U. stellata, and the parasitoid assemblage associated with the larval stages of this moth. The genus Pipturus contains 30 Ð 40 species, ranging from the Mascarene Islands to Malaysia, Australia, and many PaciÞc islands (Wagner et al. 1999) . The Hawaiian Pipturus are commonly known as "mamaki" or "mamake." This plant is a relatively common shrub of the mesic areas throughout the islands Gustafson 1993, Pratt 1998) . Pipturus albidus (Hook and Arnott), was sampled on Oahu and the island of Hawaii, Individuals of which occur as shrubs or small trees (2Ð 6 m tall). Pipturus kauaiensis Heller shrubs (1.5Ð3 m tall) were sampled on Kauai.
Sampling Sites. To quantify the seasonal phenology of U. stellata, censuses of larvae were conducted at eight sites on three of the six major Hawaiian Islands (Table 1) . Three sites were located along the Ditch Trail at Kokee State Park on the island of Kauai: Kokee P1, Kokee P2, and Kokee P3. Four sites were located on the island of Oahu: Kunia and Palikea are located in the Waianae Mountains and are managed by the Nature Conservancy of Hawaii, and Pali and Tantalus are located near Honolulu. The last site was located in the Kipuka Puaulu trail at the Hawaii Volcanoes National Park on the island of Hawaii. These sites vary in ecological features, primarily in elevation, level of disturbance, and host plant density.
Disturbance refers to the degree of presence of exotic plants. Disturbance level was categorized as "low" when Ͻ60% of all plants in a patch were exotic species, "medium" when 60 Ð 80% of the plants in patch were exotic species, and "high" when Ͼ80% of plants in patch were exotic species (Table 1) . Sites located below 500 m were considered low-elevation sites, sites between 500 and 900 m were medium-elevation sites, and the sites above 900 m were high-elevation sites. Sites located at higher elevations, such as sites in Kauai and Volcano on the island of Hawaii, were the least disturbed; sites at lower elevations, such as Tantalus and Pali, were the most disturbed.
Mamaki plants were present in patches (between three to Þve patches) at each site. At each mamaki patch, a 10-by 10-m plot was used to estimate host plant density. Density was categorized as low, medium, and high when, on average, there were less than four plants, between four and eight plants, and more than eight plants on the plot, respectively (Table 1) .
Life History of U. stellata. The number of larval stages that U. stellata undergoes was studied under laboratory conditions (22 Ϯ 2ЊC and Ϸ62 Ϯ 10% RH). Laboratory colonies were established from Þeld-collected larvae. On the day of collection, larvae were placed individually into labeled clear containers (28 ml) and provided with a fresh piece of leaf. Containers were cleaned, and new plant material was added to the containers every day or every other day depending on the rate of feeding. Soon after eclosion, moths were placed into oviposition cages containing a potted host plant (Ϸ 45 cm tall) and provided with a honeyÐwater solution.
To study the life cycle, plants were placed into oviposition cages for only one night. Newly hatched larvae were transferred individually using a Þne paint brush from the oviposition plants into small labeled petri dishes (35 by 10 mm) with a fresh piece of plant material, which was replaced every other day or when needed. Petri dishes were sealed with paraÞlm. At intervals of 1Ð2 d, larvae were observed microscopically. Molted head capsules were removed soon after ecdysis, and the head capsule diameter was measured using a stage micrometer. The duration of each instar (ecdysis to ecdysis) was recorded. Duration of the egg stage was determined by keeping record of the date potted plants were placed in the oviposition cage and the date at which larvae hatched from eggs deposited on those plant. In the same way, the duration of the pupal stage was determined by keeping record of the date the sixth instar larvae molted into pupa and the date at which adults emerged. Means Ϯ SE are reported for the duration of the different stages. Phenology of U. stellata. Monthly censuses of larvae on mamaki plants were conducted at eight Þeld sites between July 2004 and July 2006. Plants were selected haphazardly within mamaki patches. In total, 30 leaves per plant were inspected in the Oahu sites, whereas 60 leaves were inspected in the Kauai and Hawaii sites. The difference in number of leaves sampled per plant reßected differences in density of leaves per plant. The total number of plants sampled varied from eight to 20 per site; some plants were sampled repeatedly each month. Plant sample sizes were dictated by the abundance and accessibility of the host plants in the various locations. The larvae found were categorized by larval instar based on head capsule measurements.
The number of U. stellata larvae per leaf per plant was transformed as log (x ϩ 1), and the data were analyzed using a Generalized Linear model (SAS Institute 2003) . Mean separations for the frequency of encounter of larvae (expressed as larvae per leaf per plant) by site was performed using RyanÐEinotÐGab-rielÐWelsch multiple range test. This test was used instead of TukeyÕs test to reduce type I error. Data presented in graphs are the untransformed means, whereas the mean separations were conducted on transformed data.
Larval Parasitism. Larvae found during the abovementioned surveys were placed in plastic containers with some plant material and stored in a cooler chilled with cold packs for transport to the University of Hawaii at Manoa. Once in the laboratory (22ЊC Ϯ 2% and Ϸ62 Ϯ 10% RH), each larva was placed individually into a labeled plastic container (30-ml clear plastic container). Feces and old plant material were removed, and new plant material was added to the containers every day or every other day depending on the rate of feeding. Host plants used for feeding the larvae were grown from seed in the greenhouse facility at the University of Hawaii. Field-collected larvae were reared to the adult stage, until parasitoids emerged, or until they died. Emerging parasitoids were pinned for identiÞcation. Specimens were identiÞed using unpublished keys to the Hawaii Ichneumonidae (compiled by J. W. Beardsley, University of Hawaii) and also by comparing adult voucher specimens with specimens at the Hawaii Department of Agriculture insect collection, University of Hawaii Insect Museum and Bishop Museum. IdentiÞcations were conÞrmed by Dr. David Wahl at the American Entomological Institute (Gainesville, FL). Vouchers specimens were deposited at the American Entomological Institute (Gainesville, FL).
Percentage of parasitism was calculated for larvae of known fate as % parasitism ϭ parasitized hosts/(parasitized ϩ unparasitized hosts) ϫ 100. Larvae that died during rearing were not dissected, but data from dissected pupae (which died but from which no parasitoid emerged), were included. Parasitism rates were arcsine transformed to normalize the data. A mixed model analysis of variance was conducted using PROC MIXED (SAS Institute 2003) to detect signiÞcant differences of mean percentage of parasitism by parasitoid across all sites and all months, as well as to detect signiÞcant differences in total parasitism by elevation range. The mixed model approach was used owing to the disparities in sample sizes, resulting unbalanced design. Larvae of U. stellata undergo six instars. Head capsule widths ranged from 0.18 to 1.70 mm. All larval stages had distinct ranges in head capsule width, which corresponded to discrete groups (Fig. 1) . The duration of each larval stadium ranged from 3 to 5 d within each cohort used for head capsule measurements (Table 2) . The duration of the pupal stage ranged from 11 to 15 d, with a mean of 13.4 Ϯ 0.25 d (n ϭ 30 pupae). The pupal stage was never found during the Þeld surveys, even though leaves, branches, and soil around the plants were inspected on many occasions. On two occasions a Ϸ1.50-m-tall plant (planted in a 19-liter pot) was infested with 15 Þfth-instar larvae and caged to monitor where they pupate. All 15 larvae left the plant to pupate on the screen of the cage rather than on branches or in leaf litter below the plant, which suggested that the Þnal instar larvae wander off the plant to pupate.
Results

Description of Developmental
Phenology of U. stellata Larvae. There were significant differences in mean density (larvae per leaf per plant) of U. stellata by study site across all months (Table 3 ). The Palikea site had the highest density of U. stellata larvae, and the Pali site had the lowest density (Fig. 2) . There was no signiÞcant correlation between number of leaves sampled and number of larvae recorded per leaf (PearsonÕs correlation, r ϭ 0.456, df ϭ 6, P ϭ 0.256), suggesting that different sample sizes in different areas did not bias estimates of numbers of larvae. We also found no signiÞcant correlation (PearsonÕs correlation, r ϭ 0.0376, df ϭ 8, P ϭ 0.930) between host plant density and larvae density by site.
There was no signiÞcant difference in the total number of larvae found per leaf per plant between the 2 yr for all study sites (Table 3 ). The analysis also showed signiÞcant variation in the counts of larvae by month across all sites. An overall signiÞcant interaction was found between site and month as well as year and site (Table 3) . Figure 3 shows the phenology of U. stellata larvae at each of the eight collection sites for the 2 yr of sampling. At the Kokee sites and Volcano site, slightly higher numbers of larvae were encountered from March to May each year. In the Palikea site, there was an increase in larval density in both years from February to July. U. stellata numbers reached a peak in January 2005 in the Kunia and Palikea sites. There was no distinct seasonal pattern at the Pali and Tantalus sites.
During sampling, a mixture of larval stages was typically present at any sampling time and site, in some cases all six larval stages were present at the same collection time, showing that multiple overlapping generations occurred annually.
Larval Parasitism. Seven koinobiont solitary endoparasitoids were associated with the larval stages of U. All these parasitoid species, except P. hawaiiensis and D. blackburni, whose origins are unknown, are alien to Hawaii (Fullaway and Kraus 1945 , Stein 1983 , Oboyski et al. 2004 . C. marginiventris and M. laphygmae were purposely introduced to Hawaii in 1942 to control Spodoptera exempta (Walker) in sugarcane (Saccharum L.) plantations (Funasaki et al. 1988 ).
There were signiÞcant differences (F 6, 1,197 ϭ 52.65; P Ͻ 0.0001) in mean percentage parasitism by species, across all months and all sites (Fig. 4) . Of the total larvae that survived laboratory rearing, 2.7% (62/2267) were parasitized by D. blackburni, 6.0% (136/2267) by P. hawaiiensis, 1.6% (36/2267) by T. nr. aitkeni, 28.8% (653/2267) by T. flavoorbitalis, 0.8% (18/2267) by C. infesta, 0.4% (10/2267) by M. laphygmae and 2.6% (58/2267) by C. marginiventris. The adventive parasitoid T. flavoorbitalis contributed the most to the mean parasitism compared with the other species and accounted for 67.1% (653/973) of all wasps reared. Table 4 shows a list of parasitoid species reared at each site as well as total percentage parasitism by site. Overall parasitism rates differed signiÞcantly by site (F 7, 1,197 ϭ 4.37; P Ͻ 0.0001).
Discussion
This study provides information about a Hawaiian endemic species for which little biological information was available, even though it was described more than a century ago (Butler 1883) .
The only certain method to determine the number of instars in the development of an insect is by direct observation of insects reared individually throughout their entire larval development (Nealis 1987) . Using this approach, we were able to determine that U. stellata undergoes six larval stages. The lack of overlap in head capsule width measurements by instar suggests that it is possible to determine the larval stage of this species when collected in the Þeld with high levels of conÞdence. Nevertheless, it is possible that larval development, and head capsule width, will be inßu-enced by parasitism. Studies done on other organisms have shown that parasitism resulted in smaller head capsule size and retarded development, especially during later instars (Miller 1983 , Nealis 1987 . It is thus possible that Þeld-collected larvae categorized as emerged in the Þfth instar might actually represent sixth instar. The collection of multiple larval stages at the same sampling time(s) shows that U. stellata is a multivoltine species. Seasonal differences in frequency of encounter of larvae were most evident in medium and high-elevation sites, which might be an effect of more marked seasonal temperature changes (Lee and Pemberton 2007) . During the same month of collection, a difference of at least 4ЊC and a maximum of 8ЊC was observed between low-and high-elevation sites. Lowelevation sites seemed to be less suitable for U. stellata, given that U. stellata populations were not observed Natural habitats in Hawaii have been severely impacted by humans. Beginning with the arrival of the Polynesians in Hawaii and accelerating after the European contact, original native lowland landscapes were dramatically modiÞed (Kirch 1982) . Throughout the Hawaiian Islands, most land below 600-m elevation is now dominated by non-native ßora and fauna (Loope 1998) . The study sites, Pali and Tantalus, are located below 460 m and are dominated by alien plant species, which probably harbor mainly nonindigenous arthropods. The low density of mamaki plants as well as the presence of non-native generalist predators on the host plants (especially at Pali) may partially explain the low density of larvae at these sites. The sites Kokee 1 (981 m) and Kokee 2 (1046 m), both at high elevations on the island of Kauai, also yielded low densities of U. stellata larvae, regardless of their lower level of disturbance and higher host plant density. Similarly, sites with the highest density of larvae (Kunia, Kokee 3, Palikea, and Volcano) tend to have the highest number of parasitoid species associated with them. However, Kokee 1, a site with a low density of larvae, also had a high number of parasitoid species associated with it. A separate study, for which the number of sites were signiÞcantly increased, reports the results of a community analysis (redundancy analysis) that analyzes key ecological factors that likely play a role in determining the composition of the parasitoid assemblage associated with U. stellata (Kaufman 2008) .
The Kunia (550 m) and Palikea (781 m) sites also are disturbed, but to a lesser degree, mainly by nonnative overstory plants, and they have a higher incidence of native understory plants compared with Pali and Tantalus. Both sites are managed by the Nature Conservancy of Hawaii and are within fenced areas that exclude feral pigs and other exotic mammals. Out-plantings of native species and chemical control of non-native plant species are also done in the area. The increased mamaki density, as well as other conservation management efforts, may contribute to the higher densities of larvae at these sites, especially in Palikea, which was the site yielding the highest number of larvae per total number of leaves searched during this study.
Besides the lack of basic biological information on many described native insects in Hawaii (Howarth and Mull 1992) , quantitative information of nontarget impacts by alien species (including purposely introduced species) on these species is also sparse. Most studies on nontarget impacts in the Þeld of biological control in Hawaii and elsewhere have concentrated on species of economic importance or species observed to have experienced serious population declines and with clear evidence that these declines resulted from of purposely introduced species (Boettner et al. 2000; Barron et al. 2003 Barron et al. , 2004 Benson et al. 2003a Benson et al. , 2003b Kellogg et al. 2003; Van Driesche et al. 2004; Johnson et al. 2005) . U. stellata is not a species of special concern. Results from our surveys of wild larvae have showed that all parasitoid species of known origin are exotic to Hawaii, with two species of unknown origin.
The seven parasitoid species reared from larvae of U. stellata during the course of this study have broad host ranges (Zimmerman 1958a (Zimmerman , 1958b . T. flavoorbitalis, D. blackburni, C. infesta and M. laphygmae were already reported from this host by Zimmerman (1958b) . We additionally reared P. hawaiiensis, T. nr. aitkeni, and C. marginiventris, which represent new records of parasitoids associated with this endemic moth. All these parasitoids but T. nr. aitkeni are known to occur on all major Hawaiian islands (Nishida 2002) . T. nr. aitkeni is a newly recorded adventive species to the Hawaiian Islands. The origin of D. blackburni and P. hawaiiensis has been questioned and remains largely unresolved. P. hawaiiensis, although listed as endemic (Nishida 2002) , is possibly adventive to the islands (Fullaway and Kraus 1945, Stein 1983 ). However, D. blackburni, listed as adventive (Nishida 2002 ) may be endemic to Hawaii (Oboyski et al. 2004 ). All seven parasitoid species, except for C. marginiventris, were reared from U. stellata wild larvae collected on the islands of Kauai, Oahu, and the island of Hawaii. Even though C. marginiventris is also known to occur on Oahu, this species was not associated with U. stellata wild larvae at any of the Oahu sites. It should be noted that all sites on Oahu are located at low and medium elevations (between 372 and 781 m), whereas sites on Kauai and the island of Hawaii are located at high elevations (above 981 m).
At low-medium elevations, the parasitoid assemblage was dominated by adventive species. The two purposely introduced parasitoids were associated with U. stellata wild larvae in remote relatively undisturbed sites on the islands of Kauai and Hawaii. Henneman and Memmott (2001) also found that most of the parasitoid species associated with the immature stages of many native Lepidoptera species in a site near of sites at Kokee State Park in Kauai were the purposely introduced parasitoids C. marginiventris and M. laphygmae. Nevertheless, adventive parasitoids, especially T. flavoorbitalis, rather than purposely introduced species, inßicted the bulk of the parasitism in this study system. This is consistent with previous studies of nontarget impacts in insect biological control (Duan and Messing 1996 , Barron et al. 2003 , Johnson et al. 2005 ) that similarly showed that purposely introduced species typically contribute minimally to total mortality (even though releases were done before concerns for potential nontarget effects on native species garnered international attention), and that adventive species had far more substantial impacts. A separate study reports Þeld parasitism of U. stellata by sites and by parasitoid species, as well as stage-speciÞc parasitism (Kaufman and Wright, submitted) .
The practice of biological control has long been recognized as an important tool for suppressing invasive species in agricultural settings. More recently, with the increase in numbers of invasive species threatening native species and native habitats, biological control is also becoming an important tool for biological conservation management (Hoddle 2004, Messing and Wright 2006) . However, because criticism of practice of biological control centers on the host speciÞcity issue, the conservation potential of biological control is also dependent on the potential risk it poses to nontarget species. Addressing the nontarget effects of purposely introduced species on native species can be a daunting task. One of the obstacles for a comprehensive nontarget risk assessment is the lack of knowledge of the basic biology of native described species (Johnson et al. 2005) as well as the undescribed species. Therefore, to conserve our native species, an important Þrst step will be to increase our basic knowledge of their biology, and this will in turn facilitate nontarget studies when biological control agents are to be introduced to suppress invasive species.
